In this work, the influence of carbon nanotubes (CNTs) on the self-assembly of nanocomposite materials made of cylinder-forming polystyrene-b-poly(ethylene-butylene)-b-polystyrene (SEBS) is studied. CNTs are modified with polystyrene (PS) brushes by surface-initiated atom transfer radical polymerization to facilitate both their dispersion and the orientation of neighboring PS domains of the block copolymer (BCP) along modified CNT-PS. Dynamic rheology is utilized to probe the viscoelastic and thermal response of the nanoscopic structure of BCP nanocomposites. The results indicate that non-modified CNTs increase the BCP microphase separation temperature because of BCP segmental confinement in the existing 3D network formed between CNTs, while the opposite holds for the samples filled with modified CNT-PS. This is explained by severely retarded segmental motion of the matrix chains due to their preferential interactions with the PS chains of the CNT-PS. Moreover, transient viscoelastic analysis reveals that modified CNT-PS have a more pronounced effect on flow--2 -induced BCP structural orientation with much lower structural recovery rate. It is demonstrated that dynamic-mechanical thermal analysis can provide valuable insights in understanding the role of CNT incorporation on the microstructure of BCP nanocomposite samples. Accordingly, the presence of CNT has a significant promoting effect on microstructural development, comparable to that of annealing.
Introduction
Block copolymers (BCPs) represent a subject of broad current research due to their ability to generate nanoscale ordered structures (one of the components of the BCP dispersed in a matrix of the other component), such as spheres, cylinders, gyroids and lamella. [1] This kind of molecular self-assembly is the direct consequence of thermodynamic incompatibility of the chemically-linked blocks of the block copolymer. [2] [3] [4] The complex microstructure of BCP materials does not only render them interesting for purely academic purposes, but also because of their wide range of applications such as photolithography, medicine, electronics and gas separation. [5] [6] [7] [8] In order to further improve their properties, various studies have investigated the incorporation of nanoparticles into block copolymers as a highly promising method to tailor the material's properties and enhance their mechanical, electrical and thermal properties. [9] [10] [11] [12] [13] [14] [15] [16] [17] Carbon nanotubes (CNTs) are very promising nanomaterials due to the combination of their superlative thermal, mechanical and electrical properties. [18] [19] [20] [21] CNTs tend to agglomerate and form strongly entangled bundles, driven by van der Waals forces. This renders their dispersion into polymer matrices challenging and inhibits the translation of their nanophysical properties to nanocomposites. Therefore, the challenging issue in multifunctional polymer nanocomposites based on CNTs is to achieve a high degree of CNT dispersion in the host polymer. [19] One approach to address this issue is to adjust the thermodynamic interaction between the BCP and CNTs either by using surfactants or by grafting a polymer brush on the surface of the CNTs, which is chemically identical to one block of the BCP. Peponi et al.
demonstrated how dodecanethiol (DT) could be used as an efficient surfactant to sequester octadecylamine functionalized single-walled carbon nanotubes (ODA-SWCNTs) into the polystyrene (PS) domains of self-assembled polystyrene-b-polyisoprene-b-polystyrene (SIS). [22, 23] Moreover, the surfactant assisted the confinement of CNT into the PS phase of the materials as confirmed by electrostatic force microscopy (EFM) and by an increase of the glass transition temperature of PS due to the better interaction between modified CNT and the PS phase.
Calisi et al. reported two methodologies to investigate the factors affecting the dispersion of
CNTs within SEBS. The first depended on the sonication time while the second relied on the use of alkyl-functionalized MWCNTs (f-MWCNTs). TEM micrographs revealed that prolonged sonication time induced an extensive CNT degradation while CNT functionalization appeared to be an effective method in preparing nanocomposites with high dispersion and negligible degradation of CNTs. [22] SEBS-functionalized multi-walled carbon nanotubes (MWCNTs) could be prepared by covalently attachment of azide-containing SEBS with alkyne-decorated MWCNTs via click chemistry. The covalent functionalization of MWCNTs with SEBS leads to better dispersion of the CNTs in the SEBS polymer matrix. Therefore, enhanced mechanical properties, higher dielectric constant and greater thermal stability could be achieved. [25] Styrene stabilizers were removed by passing the monomer through a plug of dry, activated basic alumina prior to use. All other chemicals and solvents were used without any further purification unless otherwise stated.
Synthesis of CNT-OH
Modification of CNT with PS chains was carried out according to the approach of Ilcikova et al. [15] The first step requires the introduction of hydroxyl groups on the surface of pristine CNTs.
For this purpose, 2.000 g CNT and 11.000 g (0.08 mol) 2-(4-aminophenyl)ethanol were loaded in a 250 mL three-neck round-bottom flask equipped with a condenser. The flask was evacuated and backfilled with nitrogen five times. 44.5 mL (38.8 mg, 0.33 mol) degassed isoamyl nitrite were added. Subsequently, the flask was transferred to a pre-heated oil bath (60 °C) and the reaction mixture was stirred for 1 h. 10 mL of degassed tetrahydrofuran was added and the reaction mixture was sonicated for 30 min, followed by stirring at 60 °C for additional 2 h. The suspension was then filtered over a 0.45 µm PTFE membrane filter and washed with acetone.
Then, the filter cake was dispersed in 200 mL DMF, sonicated for 10 min at room temperature, filtered and washed with acetone. This procedure was repeated three times to remove all the unreacted organics until the filtrate became clear. Finally, the product was washed with 100 mL diethyl ether and dried in a vacuum oven at 60 °C overnight.
Modification of CNT-OH with 2-bromopropionyl Groups (CNT-Br)
2.000 g CNT-OH was put into a 100 mL three-neck round-bottom flask. The reaction flask was evacuated and backfilled with nitrogen three times. 400 mL dry THF was added using a syringe.
After ultrasonication for 30 min, the flask containing the mixture was transferred to a 0 °C bath and 1 mL triethylamine was added, followed by a dropwise addition of 1.5 mL 2-bromopropionyl bromide. Stirring was continued overnight at room temperature. Then, the reaction mixture was refluxed at 70 °C for 1 h. The solid was separated from the mixture by filtration using a 0.45 µm PTFE membrane and washed with acetone. The filter cake was then re-dispersed in 200 mL DMF, shortly sonicated (1 min), filtered and washed with acetone. The dispersing, filtering and washing steps were repeated three times to assure removal of all the unreacted organic reagents. After washing the filter cake with 100 mL diethylether, the resulting black solid was dried under vacuum at 60 °C.
Synthesis of Polystyrene-modified CNT (CNT-PS)
ATRP was performed in a 100 mL Schlenk flask. 400 mg of the CNT-Br was placed into the flask, which was evacuated and backfilled with nitrogen gas three times and then filled with nitrogen. 0.18 mL (0.14 mg, 0.86 mmol) PMDETA dissolved in 2 mL anisole, 26.9 mL (24. and dissolving the mixture in 50 mL non-deoxygenated acetone. PS chains that were not grafted to the surface of CNTs were separated from the CNT-PS conjugates by centrifugation (3000 g) at room temperature for 30 min. CNT-PS was re-dispersed in acetone, sonicated and centrifuged again. This procedure was repeated three times and the purified CNT-PS was dried overnight in a vacuum oven at 60 °C.
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The CNT-PS were analyzed using energy-dispersive X-ray spectroscopy (EDX) incorporated into an SEM (TESCAN Mira 3 LM Field Emission). The quantitative results of the EDX analysis are reported in Table 1 . In addition to carbon and oxygen, EDX confirmed the presence of bromine, present at the end of the polymer chains (or as an unreacted initiator), and copper, used as catalyst for the ATRP. 
Preparation of Composites
Nanocomposite samples for rheological analysis containing either 0.25 wt% CNT or 0.75 wt% CNT-PS (corresponding to 0.25 wt% neat CNT) were prepared by melt compounding the polymer and the CNTs (as solids) in a laboratory internal mixer, 60 cm 3 , equipped with a banbury-type rotor design (Brabender Plasticorder W5) at 220 °C and rotor speed of 80 rpm for a total mixing time of 15 min. Samples were removed from the mixer and characterized without any further annealing or processing. Note that the difference in the amount of CNT and CNT-PS added to the system is due to the amount of polymer (about 68%) bound to the CNTs surface.
In this manner, the same amount of CNT is present in both types of composite materials.
To prepare samples for AFM imaging, SEBS BCPs were first dissolved in chloroform at a fixed polymer concentration of 20 mg/ml. The required amounts of CNT or of CNT-PS were then added to the SEBS BCP solution to obtain nanocomposite samples with the desired composition, followed by sonicating the mixture for 2 h to ensure homogenous dispersion. Thin films were prepared by spin coating the nanocomposite solution at 2500 rpm for 20 s onto silicon wafer pieces at ambient conditions, and subsequently annealed in nitrogen atmosphere at 180 °C for 1 h.
Characterization
The average molecular weight and molecular weight distribution of PS chains grown from the free initiator were determined by gel permeation chromatography (GPC) using an Agilent 1200 series HPLC system equipped with an Agilent PLgel mixed guard column (particle size = 5 µm), two Agilent PLgel mixed-D columns (ID = 7.5 mm, L = 300 mm, particle size = 5 µm)
and an Optilab REX interferometric refractometer detector. THF was used as an eluent at a flow rate of 1 mL min -1 . The GPC was calibrated with narrow molecular weight PS standards (2340 to 275300 g mol -1 ). Data analysis was carried out with the Astra software (Wyatt Technology Corp).
Thermogravimetric analysis (TGA) was conducted on a Mettler Toledo TGA/DGSC 1 Star e system under nitrogen atmosphere in a temperature range from room temperature (25°C) to 600 °C at the heating rate of 10 °C min -1 .
The melt state viscoelastic behavior of the samples was studied using a rheometric mechanical The morphology of the prepared samples was investigated by small-angle X-ray scattering (SAXS). SAXS measurements were performed with a NanoMax-IQ camera (Rigaku Innovative Technologies, Auburn Hills, MI USA) at room temperature. 2-dimensional SAXS patterns were radially averaged yielding 1D SAXS curves of I(q), q being the scattering vector (q = 4πλ
sin(θ/2), where θ and λ = 0.1524 nm are scattering angle and photon wavelength, respectively).
The surface structure of SEBS BCP films was imaged by atomic force microscopy (AFM) on a JPK Nanowizard II with a JPK Advanced SPM control station. AFM imaging was performed in tapping mode using rectangular Al-coated silicon cantilevers (NanoAndMore GmbH, k = 40 N/m, f = 300 kHz) integrated with silicon tips (tip radius < 10 nm).
Results and Discussion
The objective of this work is to investigate the role CNT on the microphase separation properties of SEBS block copolymers. In addition to neat CNT, CNTs were modified by grafting PS chains via surface initiated ATRP, to study the effect of thermodynamic interactions between CNTs and the SEBS matrix on the microstructure of the composite materials.
Modification of CNT Surface
In order to grow PS chains from the surface of the CNTs using ATPR, their surface needs to be functionalized with an ATRP initiator. This was accomplished by first grafting hydroxyl groups on their surface (through a reaction with 2-(4-aminophenyl) ethanol and isoamyl nitrite).
Subsequently, esterification with 2-bromopropionyl bromide was used to anchor the ATRP initiator to the CNTs, before starting the polymerization of styrene. Simultaneously to the grafting-from polymerization, free non-grafted PS chains were polymerized from sacrificial initiator in order to confirm that the reaction conditions allowed for a well-controlled ATRP.
These chains had a number average molecular weight and dispersity of Mn = 1770 g mol -1 and Ð= 1.06, respectively. Thus, it can be assumed that the chains grafted from the surface are likely to have a relatively low molecular weight and a narrow molecular weight distribution.
In order to quantify the content of grafted PS on the surface of CNT-PS, thermogravimetric measurements (TGA) were carried out. As it can be observed in Figure 1 , pristine CNTs hardly decompose below 500 °C. Their major mass loss starts at 500 °C. The hydroxylated CNTs and CNT-Br show a smooth weight loss starting at 150 °C. This can be related to the degradation of hydroxyl groups and initiator molecules that are covalently attached on the surface of the CNTs. In contrast, CNT-PS exhibits a significant weight loss starting at 300 °C and proceeding up to 500 °C. It corresponds to the degradation of PS chains. The temperature at which this happens is typical for the decomposition of PS. [29] The difference between the weights of the CNT-Br and the CNT-PS weight at 600 °C corresponds to the PS-content of CNT-PS, which was approximately 68 wt%. This means that the mass of polymer amounts to about 2/3 of the overall mass of the CNT-PS. Note that at 600°C the difference in mass loss between the bare CNT, CNT-Br and CNT-OH is negligible, and was therefore used as a reference temperature. (Figure 2c) , however, the nanotubes were found to be located exclusively in the PS domains, which appear to align along the nanotubes in order to accommodate the nanotubes. This suggests that that surface modification of CNT significantly helps compatibilizing CNT with the BCP matrix. 
Morphology of CNT/SEBS BCP Nanocomposites in the Bulk
SAXS was used to obtain structural information on the CNT/BCP nanocomposite samples.
Their SAXS profiles are shown in Figure 3 . Bragg peaks appear at relative q-positions of 1, √ 3 and √7, indicating all samples exhibit a morphology of hexagonally packed cylinders. [9, 30, 31] The similar morphologies observed in CNT/SEBS nanocomposite and neat SEBS BCP samples implies that the presence of CNTs, both functionalized and non-functionalized, does not affect the morphology of the copolymer. Note that the peaks characteristic of the cylindrical morphology are slightly broader for the composite samples than for the neat BCP, which
suggests that the presence of the CNTs leads to a deterioration of the packing of the cylindrical microdomains.
Distance between BCP styrenic cylindrical domains were determined using the values of first 
Melt State Rheological Behavior of CNT/SEBS Composites
In order to investigate the effect of CNT incorporation into SEBS block copolymer materials, key viscoelastic properties of the neat block copolymer, of the copolymer with unmodified CNT and of the one with modified CNTs were measured in small amplitude oscillations as a function of frequency. From these experiments, the frequency dependence of the storage and loss moduli can be obtained. One should note that the mass fraction of PS-modified CNTs in the composite material is different from that of neat CNTs in order to account for the mass of grafted PS chains.
The composites were prepared to have the same mass fraction of pure CNTs in the composite. Figure 4 shows the results of storage modulus, G´, as a function of frequency for neat SEBS BCP and its nanocomposites containing pristine CNT and modified CNT-PS measured at 220 °C. The storage modulus for pure polymer melts is expected to scale as a power law of a frequency, with an exponent equal to two in the low frequency regime. As can be observed, the slope of storage modulus of neat SEBS at low frequency range exhibits a pronounced negative deviation from two, reported for most polymer melts (Rouse viscoelastic model). Such nonterminal behavior of storage modulus at low frequency (G´~ω 0.21 ) is the characteristic of BCP with cylindrical structure caused by the 3-D network structure formed by randomly oriented and interconnected cylindrical domains, whose interconnection is not completely destroyed even at 220 °C. [10] It is worth noting that, according to the self-consistent field theory, SEBS G1652 BCP is expected to have a cylindrical microstructure due to the PS weight fraction of 30%, which is in good agreement with the rheological results. [4] The 0.25 wt% CNT containing sample shows an even more pronounced low frequency nonterminal storage modulus behavior due to the strong three-dimensional network structure formed by CNT-CNT and/or CNT-matrix interactions. On the other hand, the nanocomposite sample containing 0.75wt% modified CNT-PS exhibits a completely different rheological behavior than the other samples. The addition of modified CNT-PS enhances the storage modulus of BCP at low frequency range in comparison to neat BCP while it has a reverse effect at high frequencies. The observed rheological results can be clearly explained by the stronger and improved interaction between CNT-PS and PS segments of SEBS.
The lower storage modulus at high frequency of the modified CNT-PS filled sample in comparison to neat BCP is the result of a lower number of free BCP chains that do not have any particular interaction with modified CNT-PS nanoparticles and therefore experience shortrange mobility. Moreover, at the low weight percentage of modified CNT-PS (0.75 wt%), it is likely that each CNT is encapsulated with BCP PS segments. As a result, the CNT-PS could not form a three-dimensional network structure and are well dispersed in the BCP matrix.
Furthermore, the strong interaction between modified CNT-PS and PS segments imparts additional conformational constrains to the long-range segmental mobility. Hence, the enhanced storage modulus at low frequencies in comparison with neat BCP is due to the restriction of the terminal relaxation. Melt rheology is a powerful tool that can provide information on the microstructural evolution of BCPs as a function of temperature. Microphase separation temperature of BCP can be estimated through a distinct change in the slope of the storage modulus curve vs. temperature, as a result of microphase separation-induced elastic (solid-like) response. [32, 33] The results of temperature sweep experiment performed on neat SEBS and its nanocomposite samples are shown in Figure 5 . The microphase separation temperature of SEBS and nanocomposite samples containing 0.25wt% CNT and 0.75wt% modified CNT-PS were found to be 129.5, 133.7 and 127.7 °C, respectively.
The microphase separation temperature of BCP is mainly governed by two opposing forces:
enthalpic interactions and entropy. From the entropic point of view, the BCP is favored to be in a disordered state with maximum number of possible conformations. However, enthalpic interaction leads to microphase separation in order to minimize the unfavorable interactions -16 -between different blocks. As a consequence, the enhanced BCP microphase separation temperature caused by the presence of neat CNT is attributed to to the confinement of BCP chains between CNT particles. Such confinement leads to the stretching of polymer chains along nanotubes and reducing the number of chain conformations. Therefore, the enthalpic contribution begins to dominate over entropic contribution [34, 35] and microphase separation occurs at higher temperature.
On the other hand, the presence of modified CNT-PS reduces the BCP microphase separation temperature. Under these circumstances, the increased interfacial interaction between the PS grafts on the surface of the CNTs and the PS segments of the BCP restricts the segmental motion of PS and therefore the chain's ability to be arranged into separate domains and form a microphase separated structure. nanocomposite samples, exposed to a constant shear rate of 1 s -1 . The neat BCP exhibits a strong stress overshoot which quickly levels off to a steady-state value. This behavior is attributed to the BCP three-dimensional interconnected microstructure formed by the cylindrical domains, which is partially preserved even at a temperature of 220 °C. It can be observed that the presence of CNTs in the BCP results in stronger stress overshoot with a higher value of steady-state stress. The latter implies incomplete structural breakdown under the applied shear rate. This is an indication of even stronger three-dimensional interconnected microstructure due to the contributions of either CNT-CNT and/or CNT-BCP domains interactions.
Contrary to CNT, the CNT-PS filled nanocomposite sample exhibits a lower stress overshoot but similar steady-state stress in comparison to neat BCP. As indicated in the discussion of the frequency sweep experiment, the CNTs in nanocomposites containing 0.75wt% CNT-PS cannot form a three-dimensional network. In other words, in the CNT-PS filled sample nanoparticles are uniformly dispersed in the BCP matrix. Because CNT-PS are well dispersed in the polymer matrix and do not form aggregates, no nanoparticle structural breakdown, caused by de-agglomeration of CNTs, is expected to occur during the applied shearing field, resulting in a similar steady-state stress than the neat BCP. Moreover, due to the orientation of neighboring PS domains along modified CNT-PS particles and consequent weakening of the strength of three-dimensional BCP domain microstructure, the nanocomposite sample displays a lower stress overshoot.
Time sweep experiments after the cessation of flow were utilized to provide more insight into understanding the effect of nanoparticle modification on BCP nanocomposite reorientation and restructuring. Figure 6b depicts the recovery of storage modulus as a function of annealing time for neat BCP and the nanocomposite samples. It can be observed that neat BCP shows recovery behavior with slow rate at initial annealing time, followed by a higher rate at longer times.
Moreover, the presence of nanoparticles results in slower restructuring kinetics. This influence is more prominent with modified CNT-PS. The main mechanism in BCP recovery is the reorientation of domains due to the Brownian motion, followed by three-dimensional microstructure formation between the randomized domains.
The higher initial value of storage modulus in CNT filled nanocomposite sample compared to neat BCP is attributed to the three-dimensional physical network structure between CNTs, which is not completely destroyed under the applied shear rate. On the other hand, the values of storage modulus for modified CNT-PS filled nanocomposite, which are similar to the neat BCP, are related to the absence of any initial nanoparticle network structure.
Furthermore, the slower kinetic of restructuring in the CNT filled nanocomposite sample is an indication of strong interfacial interaction between CNTs and the neighboring domains, which leads to a longer recovery time. The decreased rate of recovery in the presence of CNT-PS is mainly due to the significantly increased interfacial interactions between the CNT-PS and PS domains, causing severely restricted PS segments with strong hindered reorientation motion. 
Dynamic Mechanical Thermal Analysis
DMTA analysis is one of the relaxation methods used to determine the structure and phase transformation of a material. This approach relies on measuring storage modulus (E´), loss modulus (E″) and mechanical damping factor (tanδ= E″/ E´) as a function of temperature.
The temperature corresponding to the damping factor peak is taken as the glass-transition temperature or indicative for a transition associated to any other molecular motion. Figure 7 exhibits the results of damping factor vs. temperature for neat BCP and the nanocomposite samples. The samples display three peaks at around -30 °C, 40-50 °C and 100-120 °C which can be assigned to the glass transition of ethylene-butylene (EB) domains, interphase regions and PS domains. The interphase is a transitional region between EB and PS domains. According to Zhou et al., weak crystals of EB exist in soft EB domains and at the interphase region. At temperatures around 25-55 °C, these weak crystals of EB melt, which causes the aromatic rings of the PS block in the interphase region to move. [36] Incorporation of CNT-PS into the BCP material leads to an increase in the area of tanδ of rubbery EB domains, accompanied by a decrease of the corresponding area of the interphase region and the PS domains. These results reveal that the presence of CNTs promotes the microphase separation process because of the favorable interaction between CNT and PS segments. [37] Microphase separation enhancement occurs by pulling out the EB and PS segments from an interphase region, allowing them to arrange in the corresponding neighboring domains. This phenomenon leads to the increase in the area of tanδ of both distinct domains.
As a consequence, the area of tanδ of the interphase region decreased.
The greater thermodynamic affinity between CNT-PS and PS segments of the block copolymer in comparison to pristine CNT significantly promoted the microphase separation process, as implied by the considerably lower tanδ area of the interphase region and the higher tanδ area of EB domains. However, due to the arrangement of PS segments in the formed domains and considerable free volume reduction, segmental movement is restricted. Therefore, the damping associated to BCP PS domains decreased in the presence of modified CNT-PS in comparison to composite materials that contained pristine CNTs. In order to investigate the effect of thermal annealing on the microstructural development, the materials were placed in a vacuum oven at 130 °C overnight. Figure 8 depicts the temperature dependency of the damping factor tanδ for the samples after annealing. It can be observed that annealing influenced the BCP microstructure, which is clearly evident by changes in all three damping peaks. The area of tanδ of rubbery EB domains increased while the area of peaks that correspond to the interphase region and the PS domains decreased. Moreover, the peak of the interphase region shifted to higher temperature. In our study, the samples were cooled to room temperature immediately after melt compounding at 220 °C. Thus, their microstructure is far from the BCP equilibrium morphology. Thermal annealing is known as an efficient approach to push the morphology towards the thermodynamically favored one. Thermal annealing imparts mobility to the system by enhancing the segmental entropy, thus enabling the BCP to attain its equilibrium structure. Following this mechanism, microphase separation progressed and interphase regions diminished.
The DMTA results of annealed samples allow one to conclude that it is unlikely for the system to reach its equilibrium morphology. Only a fraction of PS segments from the CNT-PS transfer into the PS domains, while the remaining PS segment units would be locally redistributed within the interphase region. Consequently, the mobility of PS segments in the interphase region and in PS domains would be hindered, leading to the observed shift of interphase peak position to higher temperature and also decreasing the area of tanδ of interphase region and PS domains. Moreover, due to the higher number of EB segments in rubbery domains, the area of the rubbery damping peak increased.
It should be noted that the above mentioned microstructural changes, which occur in the interphase region, are less pronounced in the BCP nanocomposite samples, particularly in the presence of modified CNT-PS, confirming our previous conclusion that the presence of nanoparticles can assist the development of BCP microphase separation.
Although the peak position associated to PS domain in the in the BCP/CNT-PS composite shifted to higher temperatures, its area remained almost unchanged. This can be attributed to the high thermodynamic affinity between modified CNT-PS and PS segments. It slowed down the dynamics of BCP PS segments. As the consequence, these segments could not completely restructure within hard domains, causing a negligible change in the area of tanδ. 
Conclusions
In the present study, we have investigated the influence of CNTs and their surface modification on the microstructural evolution of nanocomposite samples based on a cylinder-forming SEBS 
